The efficiency of solid oxide fuel cells (SOFCs) is limited primarily by the oxygen reduction reaction (ORR) at the cathode, particularly for SOFCs operated at intermediate temperatures. Therefore, there is a need to search for electrode materials with enhanced ORR activity. Mixed electronic and ionic conductors such as ABO 3 perovskites [1] [2] [3] and A 2 BO 4 Ruddlesden-Popper materials, 4 are promising cathode materials due to their high oxygen ion diffusivity and surface exchange properties. Hetero-structured oxide interfaces have shown surprisingly high oxygen surface exchange properties. [5] [6] [7] [8] [9] [10] [11] Recently Sase et al. 9 have reported enhanced ORR kinetics of ∼3 orders of magnitude at the interfaces between bulk La 0.6 Sr 0.4 CoO 3-δ (LSC60-40 113 ) grains and secondary (La,Sr) 2 CoO 4±δ precipitates relative to bulk LSC60-40 113 , having an estimated surface oxygen coefficient approaching 1 · 10 −5 cm · s −1 at 500 • C. Subsequently these authors show that ∼1 order of magnitude enhancement in ORR activity can be obtained for composite cathodes screen-printed with these two oxide materials. 11 More recently, we have reported that surface decoration of (La 0.5 Sr 0.5 ) 2 CoO 4±δ (LSC 214 ) particles epitaxially grown on the (001)-oriented La 0.8 Sr 0.2 CoO 3-δ thin films, which are epitaxially grown on yttria-stabilized zirconia (YSZ), can lead to marked enhancement in the surface oxygen exchange kinetics up to three orders of magnitude relative to bulk, 5 approaching that of the LSC60-40 113 /LSC 214 interfaces of composite ceramics. 9 In this study, we investigate the surface oxygen exchange kinetics of (001)-oriented LSC60-40 113 and LSC 214 -decorated LSC60-40 113 thin films epitaxially grown on YSZ. First, as (001)-oriented La 0.8 Sr 0.2 CoO 3-δ (LSC80-20 113 ) thin films have shown enhanced ORR kinetics by one order of magnitude relative to bulk, 12 we are interested in understanding if (001)-oriented LSC60-40 113 thin films would also exhibit enhanced surface oxygen kinetics relative to bulk. Polycrystalline LSC60-40 113 thin films 13 supported on a sintered Gd 0.2 Ce 0.8 O 2 (GDC) substrate show comparable surface oxygen exchange coefficients to that of bulk LSC60-40 113 pellet.
14 Considering previous studies 15 have shown that X-ray-diffraction-amorphous LSC60-40 113 films have enhanced ORR activity than crystalline films supported on YSZ(001), single-crystalline, (001)-oriented LSC60-40 113 films might have different surface oxygen kinetics from polycrystalline LSC60-40 113 thin films reported previously. 13 Second, although previous work qualitatively confirm the enhancement at the interfaces between polycrystalline LSC60-40 113 3 and Ce(NO 3 ) 3 , respectively. The precursors were dissolved in de-ionized water with citric acid, and ethylene glycol (Sigma-Aldrich, USA) mixture. After esterification at 100
• C, the resin was charred at 400
• C and then calcined at 1000
• C in air for 12 hours. Pulsed laser deposition (PLD) targets of LSC60-40 113 , LSC 214 , GDC with a diameter of 25 mm were fabricated by uniaxial pressing at 50 MPa and sintering at 1,350
• C in air for 20 hours.
Single-crystal 9.5 mol% Y 2 O 3 -stabilized ZrO 2 (YSZ) substrates with the (001)-orientation and a dimension of 10 × 10 × 0.5 mm (Princeton Scientific, USA, one sided polished) were used for the substrate for film deposition and the electrolyte for activity measurements. Prior to film deposition, platinum ink (Pt) (#6082, BASF, USA) counter electrodes were painted on the unpolished side of the YSZ and sintered at 800
• C in air for 1 hour. The YSZ substrate was affixed to the PLD substrate holder using a small amount of silver paint (Leitsilber 200, Ted Pella, USA) for thermal contact. PLD was performed using the following parameters: KrF excimer laser (λ = 248 nm), 10 Hz pulse rate, ≈50 mJ pulse energy, distance between target and substrate ∼5 cm, and p(O 2 ) = 10 mTorr. To prevent the reactivity between YSZ and LSC60-40 113 , 500 pulses of GDC were deposited first at 450
• C (∼ 5 nm thick estimated from scanning transmission electron microscopy on similar samples as reported previously, 5 having ∼0.01 nm/laser-pulse). This was followed by 5,000, 15,000, or 30,000 pulses of LSC60-40 113 (∼0.005 nm/laserpulse) at 675
• C to produce films of different thicknesses, which was cooled to room temperature within ∼1 h in 10 mTorr p (O 2 ∼15 nm (full coverage), respectively, a linear thickness extrapolation was based on previous work of LSC 214 decoration of LSC80-20 113 films. 5, 16 A reference film of LSC60-40 113 decorated with 25 pulses of LSC60-40 113 was also fabricated for comparison.
The phase purity of oxide powder samples for PLD targets were investigated via high resolution X-ray diffraction (XRD) using a four-circle diffractometer (Panalytical, USA). Thin film XRD was performed using a four-circle diffractometer (Bruker D8, Germany) in normal and off-normal configurations. Film surface morphologies were examined by optical microscopy (Carl Zeiss, Germany) and atomic force microscopy (AFM) (Veeco, USA).
Micrometer-scale, circular LSC60-40 113 electrodes with and without LSC 214 -decoration were fabricated by photolithography and the following process: OCG positive photoresist (Arch Chemical Co, USA) was applied on the film surface and patterned using a mask aligner (Karl Süss, Germany, λ = 365 nm). The photoresist was developed using Developer 934 1:1 (Arch Chemical Co., USA) developer, and the films were subsequently etched in hydrochloric acid (HCl) to form circular microelectrodes (diameters of 25 μm -200 μm as determined by optical microscopy, Figure 1a) . The photoresist was removed with acetone. The microelectrode sizes and morphological stability were examined by optical microscopy and AFM before and during electrochemical testing. AFM was then used to measure the LSC60-40 113 film thickness after microelectrode patterning, which showed thicknesses of 22, 77 and 157 nm for 5,000, 15,000 and 30,000 pulses, respectively. LSC 214 -decorated LSC60-40 113 films were found to have 88, 85, 88, and 97 nm for LSC 214 coverage of ∼0.1, ∼0.8, ∼5 and ∼15 nm, respectively. The thickness of the reference LSC60-40 113 -covered LSC60-40 113 was 85 nm.
Electrochemical impedance spectroscopy (EIS) measurements of microelectrodes of ∼ 200 μm in diameter, which were contacted by Pt-coated tungsten carbide probes, were performed using a microprobe station (Karl Süss, Germany) connected to a frequency response analyzer (Solartron 1260, USA) and dielectric interface (Solartron 1296, USA), as shown in Figure 1b . The porous Pt counter electrode was placed on a conductive substrate and fixed with Ag paste (Leitsilber 200, Ted Pella, USA). The temperature was controlled at 520
• C (for LSC60-40 113 thin films) and 550
• C (for LSC60-40 113 thin films with LSC 214 surface decoration) with heating stage (Linkam TS1500, UK) and calibrated using a second thermocouple contacting the thin film surface. Data were collected between 1 MHz and 1 mHz using a voltage amplitude of 10 mV under Ar / O 2 mixtures in the p(O 2 ) range of 1 · 10 −4 to 1 atm. ZView software (Scribner Associates, USA) was used to analyze the EIS data. Multiple electrodes (at least three) of all films were measured by EIS at each temperature and p(O 2 ) to ensure that the EIS results were reproducible and representative. The high-frenquency intercept corresponds to the oxygen ion conduction resistance in YSZ and the mid-frequency feature is believed to result from the interface between YSZ and GDC as reported previously. 5 The film thicknesses of LSC60-40 113 films are considerably smaller than the critical thickness, t crit , of ≈ 20 μm found for bulk LSC60-40 113 at 518
• C and p(O 2 ) = 0.23 bar. 14 t crit is defined as D*/k*, where D* is the tracer oxygen diffusivity and k* the tracer surface exchange coefficient, 17 below which surface oxygen exchange limits the ORR kinetics. Therefore, the ORR kinetics of these films were governed primarily by surface oxygen exchange kinetics. With this understanding, the EIS data ( Figure 1c ) were analyzed using a simplified equivalent circuit shown in Figure 1d , from which the ORR resistance (R ORR ) and oxygen surface exchange coefficients were obtained as follows. 
where R is the universal gas constant (8.314 J mol
, T is the absolute temperature (793 K), F is the Faraday's constant (96,500 C · mol −1 ), A electrode is the area of the microelectrode, and c 0 is the lattice oxygen concentration in LSC.
Results and Discussion
Normal X-ray diffraction (XRD) data (Figure 2a) clearly show the presence of the (00l) pc of LSC60-40 113 and the (00l) cubic (l is even) peaks of GDC, and YSZ, which indicates (001) pc LSC60-40 113 // (001) cubic GDC // (001) cubic YSZ. The subscript "pc" denotes the pseudocubic notation, where the rhombohedral structure of LSC60-40 113 bulk is approximated with an average for all film thicknesses of a pc ≈ 3.847 Å (Table I) . 5, 12 With LSC 214 coverage equal to or greater than ∼5 nm in thickness, the (00l) tetragonal peaks (l is even) of LSC 214 become visible (Figure 2b ), which indicates (001) tetragonal LSC 214 // (001) pc LSC60-40 113 // (001) cubic GDC // (001) cubic YSZ. These peaks give rise to c tetragonal = 12.5 Å for LSC 214 , which is comparable to previously reported values. 19, 20 Off-normal phi-scan analysis shows that LSC60-40 113 {101} pc , GDC{202} cubic and YSZ{202} cubic have strong peaks with 4-fold cubic symmetry ( Figure S1a) , 21 which reveals the in-plane crystallographic relationships between GDC and YSZ (a cube-on-cube alignment), and LSC60-40 113 and GDC (a in-plane 45 Figure S1b) . 21 These results are in agreement with our previously published findings for LSC80-20 113 thin films. 5, 12 The in-plane crystallographic relationship between LSC60-40 113 113 films were found dilated in-plane and compressed in the direction normal to the film surface at room temperature with good crystallinity (Table I and Figure S2 21 ). It is interesting to note that the in-plane and normal strains decrease with increasing film thickness from 25 to 157 nm. The origin of these strains might be a consequence of different thermal expansion coefficients between YSZ (∼11×10 −6• C films were found to have smaller relaxed lattice parameters than bulk, which is indicative of lower oxygen vacancies in the films.
AFM imaging revealed that the surface roughness of as-deposited LSC60-40 113 films have low root-mean-squared (RMS) roughness less than ∼1 nm (Figures 3 and S3 21 ). AFM images of LSC60-40 113 of 25 nm, 77 nm, LSC 214 -decorated 0.1 nm and 5.0 nm are shown in Figure 3 , and AFM images of remaining films are shown in Figure S3 . 21 With LSC 214 coverage on LSC60-40 113 films, there was no significant change in the surface roughness. The surface roughness of these LSC60-40 113 and LSC 214 -decorated LSC60-40 113 films are comparable to those of LSC80-20 113 and LSC 214 -decorated LSC80-20 113 films, respectively. 5 EIS data of all LSC60-40 113 thin films were found to be very similar in shape, and typical features in the Nyquist plots are shown in the schematic in Figures 1c and S4 . 21 The predominant semicircle (assigned to the impedance of surface oxygen exchange kinetics) was found to increase with decreasing p (O 2 Figures 4a and 4b , respectively. All LSC60-40 113 films exhibited comparable k q and k chem , which appeared to be thickness independent. It is interesting to note that the strains in LSC60-40 113 thin films measured at room temperature do not appear to correlate with surface oxygen exchange coefficients ( Figure S5) . 21 Assuming k q can be approximated as k*, 27 9, 14 Interestingly, the LSC 214 -decorated LSC60-40 113 films have comparable surface exchange coefficients to that estimated for the interfaces between bulk La 0.6 Sr 0.4 CoO 3-δ (LSC60-40 113 ) grains and secondary (La,Sr) 2 CoO 4 precipitates relative at 500
• C and 0.2 atm. 9 Such high surface oxygen kinetics is comparable to those of the most active . Moreover, the ORR area specific resistance (R ORR · Area electrode ) of these LSC 214 -decorated LSC60-40 113 films (Figure 5b ) at 550
• C and are smaller than 1 cm 2 at 0.1 atm and greater, which are among the lowest reported to date. 30 The
) can be indicative of the rate-limiting step of ORR. 31 The The k q and k chem values of (001)-oriented epitaxial LSC60-40 113 films in this study are comparable to those of (001)-oriented epitaxial LSC80-20 113 thin films reported previously 5, 12 (the range of max. and min. k q and k chem values shaded in blue in Figure 4) , where LSC60-40 113 have activities toward the upper end of the activity spread of LSC80-20 113 films. This is in contrast to the fact that bulk LSC60-40 113 9,14 has surface exchange coefficients significantly higher than LSC80-20 113 . 33, 34 The enhancement associated with LSC 214 decoration for LSC60-40 113 is similar to that reported for LSC80-20 113 coated with LSC 214 , 5, 12 where LSC 214 -decorated LSC60-40 113 and LSC80-20 113 surface have very comparable surface oxygen exchange kinetics (having similar k q and k chem values in Figure 5a ). We further show that LSC 214 decoration does not greatly influence the oxygen nonstoichiometry (δ) in the LSC60-40 113 films, which strongly depends on the La/Sr ratio in the perovskite structure. The oxygen nonstoichiometry (δ) in the LSC60-40 113 films at 520
• C was estimated using volume-specific capacitance (VSC). VSCs, indicative of changes in the oxygen nonstoichiometry induced by changes in the electrical potential, were extracted from EIS data (Supporting Information).
21 LSC60-40 113 films of different thicknesses at 520
• C had comparable VSCs (Figure 6a ), which were smaller those of bulk LSC60-40 113 extrapolated from thermodynamic parameters. 35 We can exclude the contribution of the interfacial capacitance 36 to the VSCs 5 Values of bulk LSC60-40 113 34,36 and LSC80-20 113 36 were calculated by using a method reported by Kawada et al. 34 of LSC60-40 113 films as plotting the area specific capacitance (ASC) obtained from EIS data as a function of film thickness in Figure S7 yields zero intercept in ASC. Correspondingly, oxygen nonstiochiometry, δ, of the LSC60-40 113 films, which was calculated from the thermodynamic parameters (Table S2) 21 of oxygen vacancy formation in the films based on the p(O 2 ) dependency of VSC, was slightly smaller than that estimated for LSC60-40 113 bulk, 37 and was similar to that of polycrystalline LSC60-40 113 films reported by Kawada et al. 35 The lower oxygen nonstoichiometry of LSC60-40 113 films at 520
• C is consistent with smaller relaxed unit cells of LSC60-40 113 films than bulk LSC60-40 113 at room temperature (Table I ). The (001)-oriented epitaxial LSC60-40 113 films of this study had higher oxygen nonstiochiometry than similarly prepared LSC80-20 113 films but the strong influence of the La/Sr ratio albeit its influence on the oxygen nonstiochiometry was found much smaller for thin films than bulk powder samples. As expected, LSC 214 surface decoration does not appear to influence the oxygen nonstiochiometry of LSC60-40 113 films, where LSC 214 -decorated LSC60-40 113 films had similar oxygen nonstoichiometry and VSCs (Figure 7a ) to those without decoration.
The thermodynamic enhancement factor (scaling factor between k chem and k q , and can be related to the density of states near the Fermi Level) [38] [39] [40] was determined from k chem /k q ( Figure S8 ). 21 The thermodynamic enhancement factors of these LSC60-40 113 films are much higher than that for bulk LSC60-40 113 reported previously, 37 indicating that it is more difficult to incorporate oxygen ions into the perovskite structure of the films. Similar observations have been made for polycrystalline LSC60-40 113 films 35 and nanocrystalline LSC50-50 113 films. 41 Interestingly, the thermodynamic enhancement factor appears to increase with the magnitude of in-plane and normal strains of LSC60-40 113 films measured at room temperature ( Figure S9 ). 21 Increased thermodynamic enhancement factor can be related to decreased density of states near the Fermi Level of LSC films, [38] [39] [40] which requires further studies. This is in contrast to the lack of measurable influence of strains in the LSC60-40 113 films at room temperature on the surface exchange kinetics (Figures 4 and S5 21 ). Moreover, the decoration of LSC 214 on the surface of LSC60-40 113 films 8, 35 (similar to LSC80-20 113 films 5 ), which greatly enhances the surface exchange kinetics, does not appear to considerably change the thermodynamic non-ideality factor (Table S2) , 21 which is in agreement with the hypothesis that LSC 214 decoration does not significantly alter the thermodynamics of the entire film.
LSC60-40 113 films showed comparable surface oxygen exchange kinetics and oxygen nonstoichiometry to LSC60-40 113 bulk, as shown in Figures 6b and 7b . This is in contrast to previous findings of LSC80-20 113 35, 37 These observations suggest that oxygen nonstoichiometry in the films might not control the surface oxygen exchange kinetics, unlike the e g filling of surface transition metal ions that govern the ORR and OER activities on perovskites in basic solutions over several orders of magnitude. 42, 43 This hypothesis does not preclude the possibility that a certain amount of oxygen nonstoichiometry is necessary for high surface oxygen exchange kinetics, and further increase in δ might not lead to activity enhancement. It should be cautioned, however, that oxygen nonstoichiometry shown in Figures 6b and 7b represents the bulk film values, which can be considerably different from that on the surface.
Conclusions
We show that the surface oxygen exchange kinetics and oxygen nonstoichiometry of (001)-oriented LSC60-40 113 films grown epitaxially on YSZ are comparable to those of LSC60-40 113 bulk. 13, 14 This is in contrast to (001)-oriented LSC80-20 113 films with enhanced activities and oxygen nonstoichiometry relative to LSC80-20 113 bulk 32, 33 reported previously. 12 In addition, (001)-oriented epitaxial LSC60-40 113 films have similar surface oxygen exchange coefficient to polycrystalline LSC60-40 113 films 13 reported previously. LSC 214 surface decoration on the (001)-oriented LSC60-40 113 films leads to ORR activity enhancement up to ∼3 orders of magnitude with respect to bulk LSC60-40 113 . The enhancement associated with LSC 214 decoration for LSC60-40 113 is similar to that reported for LSC80-20 113 -covered LSC 214 , 5, 12 where LSC 214 -decorated LSC60-40 113 and LSC80-20 113 surfaces have very comparable surface oxygen exchange kinetics. Moreover, these LSC 214 -decorated LSC60-40 113 films (Figure 5b ) have the area specific resistance approaching ∼0.45 cm 2 at 1 atm and 550
• C, which are among the lowest reported to date. 30 While the enhancement in ORR kinetics cannot be attributed to changes in the oxygen vacancy concentration of the entire films and film strains measured at room temperature, it is proposed that interfacial LSC 113 /LSC 214 regions are responsible for the observed ORR enhancement. Future studies are needed to elucidate the origin of enhanced ORR kinetics at interfacial LSC 113 /LSC 214 regions. This study illustrates the potential of utilizing hetero-structured oxide surfaces/interfaces to develop highly active surface oxygen exchange materials for applications in the field of solid-state electrochemistry such as micro SOFC cathodes, solid-electrolyte-based sensors, and oxygen conducting membranes.
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